Photosynthesis, Photoinhibition, Photorespiration, Electron Transport, Phosphate Deficiency, Phosphate Homeostasis Effects of Pi deficiency on photosynthesis ot isolated spinach chloroplasts were examined. The following observations were made:
Introduction
Productivity in photosynthesis depends on the availability of light and carbon dioxide. Also, levels of photosynthetic interm ediates and cofactors must be adequate to ensure optimum perform ance of the photosynthetic apparatus. All interm ediates of the photosynthetic carbon cycle are phosphorylated, and phosphorylation of A D P requires Pi. Thus, the avail ability of Pi can be a factor in restricting photosyn thesis [1 , 2 ] .
Paradoxically, light is not only used by chloro plasts to reduce C 0 2 to sugars but also to oxidize sugars to C 0 2 [3] . A t the expense of ATP and NA D PH formed in the light, isolated chloroplasts effectively oxidize sugar phosphates such as D H A P to phosphoglycolate which is then hydrolyzed liberating Pi in the chloroplast stroma. Glycolate is the sole soluble end product of photosynthesis of iso lated chloroplasts, when C 0 2 is absent [4] . When it is present, D H A P and PGA are synthesized from C 0 2 and Pi. They are exported from the chloroplasts to be further processed in the cytosol of mesophyll cells to sucrose and other products. When phosphoglycolate is produced during oxygenation of ribulose-1,5-bisphosphate (R uB P), the Pi liberated by its hydro lysis remains in the chloroplasts and glycolate is re leased. U nder evolution of C 0 2, it is metabolized in a sequence of cytosolic reactions which constitute the photorespiratory pathway. The glycerate formed is returned to the chloroplasts. A fter its phosphoryla tion, it enters the carbon cycle (for review see [5] ).
In terms of productivity, photorespiration is a wasteful process. It consumes energy and decreases net photosynthesis of C3-plants [6 ] . There is the question why it has withstood evolutionary pressures which are directed towards optimizing the perform ance of biological systems. In this report, we like to show that the release of Pi inside the chloroplasts, when phosphoglycolate is hydrolyzed, may partially alleviate phosphate deficiency problems of photosyn thesis. M oreover, the coupled electron flow accom panying the photorespiratory oxidation of sugars prevents over-reduction of the photosynthetic elec tron transport chain [7] and protects chloroplasts against photoinhibitory damage by permitting ener gy-dependent dissipation of excess light energy in the form of heat.
M aterials and M ethods

Plants
Spinach was grown in the greenhouse. Additional illumination was provided by 400 W H Q I lamps (Schreder, W interbach, Germany). The daily illumi nation period was 1 0 (summer) or 1 1 (winter) hours.
Chloroplast isolation
Intact chloroplasts were isolated by a procedure similar to that used by Jensen and Bassham [8 ] . Leaves were briefly blended in a medium containing 300 m M sorbitol, 1 m M MgCl2, 1 m M MnCl2, 2 m M ethylenediamine tetraacetate, 3.3 m M cysteine, 1.25 m M ascorbate, 30 m M KC1 and 50 m M 2-(N-morpholino)-ethane sulfonate (M ES), pH 6.1. The pellet obtained after a first centrifugation of the filtrate (50 sec, 2000 Xg) was resuspended in the same medium and centrifuged again. In the experiments with isolated chloroplasts were no Pi was added to the incubation medium, chloroplasts were resuspended and cen trifuged one m ore time. The resulting chloroplast fraction was suspended in a small volume of reaction medium which contained 300 mM sorbitol, 1 mM MgCl2, 1 mM MnCl2, 2 mM ethylenediam ine tetra acetate, 30 mM KC1 and 50 mM N-2-hydroxyethylpiperazine-N '-2-ethanesulfonate (H E PE S), pH 7.6, and stored on ice until used. The percentage of chloroplasts which had retained intact envelopes was determ ined by the ferricyanide method [9] , Usually, 70 to 95% of the chloroplasts in the preparations were intact.
C hloroplast reactions
C 0 2-dependent oxygen evolution by the chloro plasts was measured in the electrode described by Delieu and W alker [10] . Catalase was added to the reaction medium (80 ^g m l-1). The chlorophyll con centration was usually 150 jj.g m l '1. The chloroplasts were illuminated with red light (halfbandwidth from 610 to 720 nm). The cylindric cuvette had a diameter of 1 cm. In the presence of 2 mM bicarbonate and 0.2 mM Pi, light-saturated C 0 2-dependent oxygen evolution was between 100 and 150 jamol per mg chlorophyll and hour.
To measure the distribution of photosynthetic products, chloroplasts were illuminated in reaction medium with 4.5 mM N aH l4 C 0 3 (specific activity 56 mCi mmol-1). Aliquots were removed after dif ferent illumination times and killed in hot ethanol. Products were separated by two-dimensional chro matography on cellulose plates. Solvents were phenol/acetic acid/w ater/ED TA (1478 g/20 ml (96% v/v)/521 ml/5 ml (0.5 m )) for the first dimension and a freshly prepared mixture of «-butanol/propionic acid/ water (1850 ml/900 ml/1225 ml) for the second di mension. Radioactive spots were located by auto radiography. They were removed from the plates and measured in a scintillation counter.
The capacity of thylakoids for electron transport was m easured after rupturing intact chloroplasts by the addition of 9 volumes of water. Double strength medium was added after a short time so as to re establish isotonic conditions. Light-dependent ferri cyanide reduction by the thylakoids was m easured in the presence of 5 mM N H 4 C1 in a home-built cross beam spectrophotom eter at 420 nm (chlorophyll concentration about 5 (ig m l-1). Photosystem I activ ity was measured in the presence of 5 mM N H 4 C1 as light-dependent oxygen uptake after adding 1 [am 3-(3,4-dichlorophenyl)-l,l-dim ethylurea (DCM U). The methanol concentration was 2% (v/v) and cata lase was present at 4 [xg ml-1. Electron donors were 5 mM ascorbate and 0.1 mM dichlorophenolindophenol, electron acceptor was 0.2 mM methylviologen. For m easurem ents of chlorophyll fluorescence, suspensions of chloroplasts containing 150 |ig chlorophyll m P 1 reaction medium were made anaerobic by adding 10 mM glucose, glucose oxidase (83 U ml-1) and catalase (80 ng m l"1). M odulated chlorophyll fluorescence was recorded using a PAM fluorom eter of Walz, D-8521 Effeltrich, Germany [11] . The detecting device was insensitive to unm od ulated actinic illumination.
Substrate determ inations
For the m easurem ent of Pi, PG A , ATP and A D P, perchloric acid was added to chloroplasts suspen sions either in the light or in the dark (0 .6 m final concentration). Acid was neutralized with K2C 0 3, and KC104 and debris were removed. ATP and ADP were determ ined by the luciferin/luciferase method [12, 13] , PG A enzymatically [14] and Pi by a molybdate method [15] .
Results and Discussion
Photosynthesis o f phosphate-deficient spinach chloroplasts at different C 0 2 concentrations Fig. 1 shows photosynthetic oxygen evolution of chloroplasts which were isolated from spinach leaves in a Pi-free medium. Even after careful washing, the chloroplasts contained Pi. W hen they were illumi nated in the presence of C 0 2, oxygen was evolved after a brief lag phase. Both the rate of oxygen evolu tion and the am ount of oxygen evolved were low at high levels of C 0 2 and high at low levels of C 0 2. With 20 mM bicarbonate, which corresponds at 20 °C to about 3.5% C 0 2 in the gas phase (pK of C 0 2 is 6.37), oxygen evolution declined after a short time and finally approached zero. Addition of 2 mM PGA rem ained without effect on oxygen evolution indicat ing that the stromal Pi supply had been exhausted by the photosynthetic form ation of phosphate esters. Pi is needed for the reduction of PG A . In its presence, chloroplasts are known to evolve oxygen according to light while oxygen was evolved and then decreased approxim ately to and sometimes even distinctly be low the dark level as oxygen evolution ceased. A ddi tion of 20 jiM Pi to the chloroplasts was sufficient to restart oxygen evolution, but failed to increase the A T P/A D P ratio appreciably. A pparently, ATP was consum ed for PG A reduction as fast as it was pro duced, and im port of Pi limited the rate of oxygen evolution. It is known that PGA is a competitive inhibitor of Pi transport into the chloroplasts [18] . Indeed, when 0.2 mM Pi was added to the chloro plasts, both oxygen evolution and A TP/A D P ratios increased considerably. W hen the bicarbonate concentration was not 20 mM, but only 10 mM (Fig. 1) , both the initial rate of oxygen evolution and the total amount of oxygen evolved increased. The increased amount of oxygen shows that more Pi had become available for carbon reduction. A fter oxygen evolution had ceased, PGA was again unable to restart oxygen production until Pi was added. Further reductions in the bicarbonate concentration resulted in further increases in the rate of oxygen evolution and in the total am ount of oxy gen evolved. Again it must be concluded that Pi availability for carbon reduction had increased as availability of C 0 2 had decreased. Interestingly, at interm ediate bicarbonate concentrations, oxygen evolution no longer ceased completely after the ini tial fast rate had declined. It continued slowly, but stopped when PG A was added. Phosphate was re quired for restarting. A t the lowest concentrations of bicarbonate, however, the level of oxygen declined after it had reached a maximum. The decline shows that carbon reduction was replaced as a dominant reaction by carbon oxidation (4) which may be writ ten in a simplified form as 2 D H A P 2" + 1.5 0 2 3 glycolate-+ 2 H P 0 42" + 3 H + (
and 2 P G A 3" + 0.5 0 2 -» 3 glycolate' + 2 H P 0 42_ + H +.
Equations (3) and (4) sum up a sequence of indi vidual reactions of the Calvin cycle during which A TP and N A D PH are consumed. Phosphate is liber ated. Indeed, when PG A was added after the oxygen concentration was beyond its maximum, oxygen up take was replaced by oxygen evolution showing that, in this instance, Pi was not lacking. As a m atter of fact, the addition of Pi did not increase oxygen evolu tion as it did at higher C 0 2 concentrations. R ather, it was inhibitory. Two questions must be answered, i. Why is photo synthesis faster at low than at high C 0 2? ii. Why is Pi availability greater at low than at high C 0 2?
i. The inhibition of photosynthesis by high levels of C 0 2 is explained by the pH dependence of photosyn thesis [19, 20] , In solution, bicarbonate equilibrates with C 0 2. Only the latter penetrates the chloroplast envelope readily. In the chloroplast strom a, it reacts according to
decreasing the strom a pH when its concentration is sufficiently high. This inhibits fructose-1,6-bisphosphatase and sedoheptulose-l,7-bisphosphatase. Iso-lated chloroplasts are much less efficient in regulat ing their strom a pH than chloroplasts in situ. Photo synthesis of spinach leaves is not inhibited by 5% C 0 2 in the gas phase (data not shown), although the lag phase seen after long darkening, and displayed for isolated chloroplasts in Fig. 1 , is prolonged.
ii. The increased availability of Pi at decreased C 0 2 levels is caused by release of Pi from phosphate esters during starch synthesis and during hydrolysis of phosphoglycolate. RuBP carboxylase is capable of either carboxylating or oxygenating RuBP. A t high C 0 2 concentrations, oxygenation is competitively suppressed. RuBP can only be carboxylated. This gives rise to 2 molecules PG A per RuBP. A t low concentrations of C 0 2, oxygenation is possible and phosphoglycolate is formed together with PG A. Its hydrolysis liberates Pi which serves to phosphorylate A D P. The A TP formed makes reduction of PG A to D H A P and evolution of oxygen possible (see equa tions (1) and (2)). From D H A P, RuBP is synthesized which, once again, can be either carboxylated or oxy genated. Oxygenation becomes the predom inant reaction only when C 0 2 is depleted. In the experi ment of Fig. 1 , such depletion is observed at the lowest bicarbonate concentration. It results in net oxygen uptake and leads to the oxidation of phos phate esters and carbohydrates, which had accumu lated during the phase of reduction, and to the liber ation of Pi. In such a case, not only the addition of PG A can restart oxygen evolution in the absence of added Pi as shown in Fig. 1 (top trace) , but also addition of bicarbonate (data not shown).
Products o f photosynthesis o f phosphate-deficient chloroplasts at a low and at a high light intensity
W hen spinach chloroplasts isolated in a Pi-free medium were illuminated in the absence of P;, with 2 0 mM bicarbonate present, 0 2 evolution was pre dictably slower at a low than at a high light intensity. Surprisingly, however, whereas 0 2 evolution ceased soon under high intensity illumination because the supply of Pj was exhausted, it continued in low light until the am ount of oxygen evolved exceeded that evolved in high light. Increased 0 2 evolution under light limitation was due to increased starch synthesis. Fig. 2 shows the distribution of ,4 C-label in different products of photosynthesis. Chloroplasts were il lum inated with 4.5 mM N aH 1 4 C 0 3 at a high light in tensity (1900 W m '2) either for a full period of 22 min ( Fig. 2A ) or for only 5 min (Fig. 2B ). At this tim e, oxygen evolution was already declining (see Fig. 1 ). The light intensity was then reduced from 1900 to 100 W m -2 which, at the chlorophyll concentration of the sample, was below light saturation. Fig. 2 shows that starch was the dominant product of photosyn thesis both under high intensity illumination and in low light. However, there was a difference in that 14C -labelling of starch increased continuously in low light until 2 mM unlabelled PGA was added, whereas it reached saturation after about 1 0 min under con tinuing high intensity illumination. Among the solu ble products of photosynthesis, PG A was dom inant both under high and low intensity illumination. D H A P was only a minor component. This is not sur prising in view of very low A TP/A D P ratios (Table I). Sugar m onophosphate levels were higher than sugar bisphosphate levels. Furbank et al. [17] have shown that RuBP was a major sugar bisphosphate even after oxygen evolution had ceased and C 0 2 levels were high. Its persistence in the presence of high C 0 2 levels is explained by inhibition of RuBP carboxylase under phosphate deficiency [21] . Label led glycolate was not measured in the experiment of Fig. 2 . However, it was present, when bicarbonate concentrations were low (data not shown), and it was the m ajor soluble product of photosynthesis under C 0 2 deficiency (4). Maltose is a degradation product of starch. Its concentration increased with the time of illumination.
The dominance of starch among the products of photosynthesis shown in Fig. 2 was unexpected, be cause starch synthesis requires ATP which is low under Pi deficiency (Table I) . Phosphate is liberated in starch synthesis only when ATP is present. A key enzyme in the regulation of starch synthesis is A D Pglucose pyrophosphorylase. This enzyme is inhibited by Pi and activated by PGA [22] , Its activation by high PGA/Pi ratios permitted starch synthesis to occur even though ATP levels were low. However, the importance of ATP is illustrated by increased starch synthesis under low intensity illumination. Fig. 2 shows that the concentration of phosphate esters was lower under low intensity illumination than under high intensity illumination. In consequence, the level of Pi that is available for ATP synthesis was increased at the low light intensity. Increased A TP/ A D P ratios explain increased D H A P/PG A ratios and increased starch synthesis in low light. It is a very rem arkable fact that a decrease in light intensity can be instrumental in increasing photosynthesis under conditions of Pi deficiency.
Leakage o f phosphoglycerate from the chloroplasts
During experim ents with phosphate-deficient chloroplasts such as shown in Fig. 1 it was noticed that Pi added after different times of illumination stimulated photosynthetic oxygen evolution more after short times of illumination than after longer times (Fig. 3) . This may have different reasons, i. Chloroplasts may break during the experiment. Only intact chloroplasts are capable of C 0 2-or PG A -dependent oxygen evolution, ii. Chloroplasts might age. iii. Photosynthetic intermediates or cofac tors may get lost from the chloroplasts. iv. Enzymes or electron carriers may become inactivated.
M easurem ents of chloroplast intactness with the ferricyanide m ethod [9] failed to reveal significant chloroplast breakage (Table II) . Chloroplast ageing could not be responsible for the progressive inhibi tion of oxygen evolution shown in Fig. 3 because 8 8 inhibition was strictly light-dependent. However, loss of photosynthetic interm ediates was observed. Table III shows enzymic m easurem ents of PG A in chloroplasts which had been illuminated in the pres ence of 20 m M N a H C 0 3. It is not surprising that P G A was found even in darkened chloroplasts, as the medium used for chloroplast isolation was Pi-free so that internal PG A could not be exchanged by the phosphate translocator of the chloroplast envelope for external Pi, when the leaves were homogenized. H owever, the stromal PG A concentration did not increase much on illumination (Table III) , although available Pi was consumed as dem onstrated by the lack of oxygen response after addition of PG A (Fig.  3 ) and the concentration of D H A P was very low (Fig. 2) . A fter 8 min illumination, the stromal PG A concentration was only 2 m M . It declined later on and PG A appeared outside the chloroplasts. Its ap pearance cannot be explained by exchange against external Pi, as the media used for chloroplast isola tion and washing had been free of Pi. M oreover, any Pi liberated from broken chloroplasts and taken up in exchange for exported PG A would have given rise to oxygen evolution. However, no oxygen evolution was observed in the presence of 2 0 mM bicarbonate after endogenous Pi had been consumed by the chlo roplasts (see Fig. 1 ). A pparently PG A leaked into the medium. The rate of unidirectional leakage was approximately 0 . 2 nmol per mg chlorophyll and hour in the experim ent of Table III . A lthough this may appear to be a very low rate, it can decrease the stromal concentration of PG A (or of Pi, from which PG A is synthesized) by 8 mM within one hour. Thus, the commonly accepted idea of phosphate and phos phate ester homeostasis in chloroplasts, which is based on the anion exchange characteristics of the phosphate translocator [23] , requires modification.
Light-dependent inactivation o f electron transport under ph osphate deficiency
In the experim ent of Fig. 3 , Pi-dependent oxygen evolution in the presence of bicarbonate and PGA decreased drastically during illumination. Although leakage of the stromal metabolite PGA was appreci able (Table III) , it is insufficient to explain the extent of loss of the capacity for oxygen evolution of the chloroplasts. In the experiment shown in Fig. 4 , phosphate-deficient chloroplasts were illuminated in the presence of 20 m M bicarbonate at two different tem peratures. The kinetics of oxygen evolution were as depicted in Fig. 1 (lowest trace) . A fter different times of illumination, samples were removed and chloroplasts were ruptured osmotically. The capacity of the thylakoid membranes for electron transport was then m easured in saturating light in the presence of NH 4 C1. Ferricyanide served as acceptor of elec trons liberated during w ater oxidation. This electron transport involved both photosystems (PS I + II). The activity of photosystem I alone was measured with methylviologen as electron acceptor. Electron transport to photosystem II was inhibited by the her bicide DCM U. Electron donors were in this case as corbate and 2,6-dichlorophenolindophenol. During the first 5 min of illumination, little change in elec tron transport capacity was observed. However, after endogenous Pi was exhausted and oxygen evolution had ceased, the chloroplasts became sensi tive to illumination. Within 20 min in the light, elec tron transport m ediated by photosystem I decreased by 50% at 25 °C. Electron transport m ediated by both photosystems was somewhat slower even at the beginning of illumination than the photosystem I reaction. It decreased even more than the latter, by 70% during a 20 min illumination period at 25 °C. Interestingly, inactivation of electron transport was slower when the chloroplasts were illuminated at 15 °C than when they were illuminated at 25 °C. This shows that a therm al reaction was involved in inacti vation.
In the experiment of Fig. 5 , a suspension of phos phate-deficient chloroplasts which contained 1 0 mM glucose was made anaerobic by adding glucose oxi dase and catalase prior to illumination (A). A nother preparation (B) was first illuminated for 20 min, before glucose oxidase and catalase were added. The oxygen traces in Fig. 5 show rapid consumption of oxygen by the combined action of both enzymes. Chlorophyll fluorescence of the suspensions was ex cited by a modulated 650 nm measuring beam (inten sity 2.5 Wm~2) and measured by a photodiode which was sensitive only to modulated fluorescence, not to the fluorescence excited by an unm odulated actinic beam of 1000 W m"2 [11] . Low intensity illumination caused a slow increase in chlorophyll fluorescence which is em itted by the pigment system of photosys tem II (Fig. 5 A) . It is indicative of the reduction of electron carriers of the electron transport chain [24] , The maximum fluorescence em itted from the preillu m inated chloroplast suspension (B) was 35% below that em itted from the untreated control (A). In the latter case, the slow rise in fluorescence seen in Fig.  5 A was absent because the electron transport chain had been reduced during preillumination. Loss of socalled variable fluorescence [1 1 ] which is shown by decreased maximum fluorescence in Fig. 5B is com monly interpreted as loss of functional reaction cen ters. Actinic illumination with a high light intensity produced in both samples a transient fluorescence increase. It was followed by strong fluorescence quenching. This quenching is unrelated to that pro duced as a consequence of the formation of a transthylakoid proton gradient [25] . As the chloroplasts were in a state of over-reduction, formation of a large proton gradient was impossible. Part of the fluorescence quenching is caused by the photoaccu mulation of reduced pheophytin in the reaction centers of photosystem II [26] . Reduced pheophytin is a strong quencher of chlorophyll fluorescence. It is rapidly oxidized in the presence of oxygen. W hen H 2 0 2 was added from which oxygen is liberated by catalase, fluorescence increased indicating pheophy tin oxidation [26] . A fter oxygen was removed by the enzymic oxygen trap (see oxygen traces of Fig. 5) , fluorescence returned to the quenched state. The kinetics of quenching were faster in the control than in the preillum inated sample both when the actinic beam was turned on and after oxygen liberated from H 2 0 2 had been removed. The fluorescence increase brought about by oxygen was larger in the control than in the preilluminated sample indicating that less pheophytin was photoreduced after preillumina tion than before. The fluorescence data and the observations recorded in Fig. 4 show that not only photosystem I but also photosystem II had suffered photoinhibitory damage after phosphate-deficient chloroplasts had ceased to evolve oxygen in the light. Similar damage was observed when not Pi but C 0 2 limited photosynthesis of isolated chloroplasts [7, 27] ,
The dependence of photoinhibition of Pi-deficient chloroplasts on the intensity of incident light is shown in Fig. 6 . Damage increased with increasing light intensity.
Protection o f the electron transport chain against photoinactivation
In the experim ent of Fig. 7 , phosphate-deficient chloroplasts were either illuminated in the presence of 20 mM bicarbonate (A ) or only with the low con centration of bicarbonate present in the isotonic reaction mixture (B). This low concentration was com plem ented during the experiment by two addi tions of 0 . 1 mM bicarbonate each (as indicated). Light-dependent oxygen evolution with either 20 mM bicarbonate or without added bicarbonate is shown in the inset in a parallel experiment in order to dem onstrate that Pi is available only in the latter case. This is shown by PG A -dependent oxygen evolution.
A fter the times indicated, aliquots were removed from the illuminated cuvette, the chloroplasts were ruptured osmotically and uncoupled electron trans port was assayed. As shown already in Fig. 4 , elec tron transport was progressively inactivated in the presence of high C 0 2 levels (i.e. 20 mM bicarbonate) which suppressed oxygenation of RuBP. Inactivation was also observed in the sample illuminated in the presence of a low C 0 2 concentration, but it was slower and less extensive. A pparently, the oxygena tion of RuBP which perm itted increased oxygen evolution in this sample was protective, although the rate of electron transport facilitated by the Pi re leased from phosphoglycolate was very low (see in set). It should be noted that under the low-Pi condi tions of the experim ent ribulose-l,5-bisphosphate carboxylase was partially inactivated [17, 21] so that electron transport to the products of carboxylation/ oxygenation was much slower than it would have been in vivo, when the enzyme is fully active.
As a m atter of fact, the protective effect of oxy genation of RuBP on electron transport is not specific. Full protection of the electron transport chain against photoinactivation is provided by the unphysiological electron acceptor methylviologen at a concentration as low as 20 hm [7] . Methylviologen permits slow coupled electron transport. Protection by methylviologen is completely lost in the presence of 10 mM NH4CI. A pparently, formation of a proton gradient across the thylakoids is needed to protect the electron transport chain against damage [28] . U nder physiological conditions, the proton gradient triggers changes in the pigment bed of the mem branes which lead to the efficient dissipation of excess excitation energy as heat. Formation of zeaxanthin from violaxanthin appears to play a role in this process [29] . Non-radiative dissipation of excess light energy is indicated by the decrease of fluores cence commonly called energy-dependent fluores cence quenching [30] . Any condition which permits sufficient coupled electron flow for the formation of a large ttww-thylakoid proton gradient should there fore be protective. Fig. 8 shows that indeed a variety of electron acceptors are capable of preventing or at least reducing photoinactivation of electron trans- port. It also shows that photoinhibitory damage to the chloroplasts is indicated by an increase in the fluorescence em itted by the chloroplasts at very low light intensities, when the electron transport chain is oxidized. The ratio of this so-called F0 fluorescence before and after high-intensity illumination (Fq/Fq in Fig. 8 ) is decreased after the chloroplasts have suf fered photoinhibition.
W hereas in vivo the availability of several electron acceptors including C 0 2 is subject to large varia tions, oxygen is an electron acceptor which is always present. It is reduced by chloroplasts in the light in the M ehler reaction. Electron transport to oxygen is often called pseudocyclic electron transport, and the photophosphorylation accompanying it pseudocyclic photophosphorylation. The rate of electron trans port to oxygen is low, when physiological electron acceptors are available, and it is faster, when they are exhausted. The experiments shown in Fig. 4 and 6 to 8 were perform ed under aerobic conditions. Still, oxygen did not prevent damage. As a m atter of fact, damage became only apparent after consump tion of Pi had made regeneration of NADP* impossi ble and oxygen was the only available electron accep tor. Photoinactivation of photosystem II (but not of photosystem I) is fast in the absence of oxygen (cf. [31] ). A protective effect of low concentrations of oxygen on electron transport has been reported [31, 32] and was also observed in the present investiga tion. However, electron transport to oxygen is not fast enough to protect the chloroplasts at the light intensities used for the experiments of Fig. 4, 6 and 7. M oreover, oxygen species produced by illumina tion are highly reactive [34] . As a m atter of fact, at increased concentrations, oxygen increased damage (Table IV) . A pparently, it plays a dual role [32, 34] , In its function as electron acceptor it is protective, but its reaction products are damaging. The 0 2_ form ed during oxygen reduction is converted to H 2 0 2 by superoxide dismutase which is a chloroplast enzyme. In the presence of ascorbate, ascorbate per oxidase reduces H 2 0 2, and light-dependent electron transport regenerates ascorbate from the resulting dehydroascorbate [33] . All experiments shown were perform ed in the presence of catalase which served to destroy any H 2 0 2 formed in the light. Exposure of Pi-deficient chloroplasts to light in the presence of 1 0 mM ascorbate instead of catalase produced photo inhibition very similar to that observed in the pres ence of catalase.
Conclusions
Under phosphate deficiency, isolated intact chloroplasts become sensitive to light particularly when high C 0 2 concentrations prevent oxygenation of RuBP. The rapid inhibition of photosynthetic reactions observed under high intensity illumination is explained in part by leakage of PG A , but mainly by photoinhibition of electron transport. Both photosystems suffer extensive damage within less than 2 0 min of high intensity illumination.
When C 0 2 concentrations are so low as to perm it oxygenation of RuBP in addition to carboxylation, damage to the photosystems is prevented or de creased. This effect is caused by the liberation of Pi from phosphoglycolate which can be recycled per mitting electron transport to proceed. Coupled elec tron transport is a prerequisite for the efficient dissi pation of excess excitation energy as heat. Phosphate is also recycled during starch synthesis. However, electron transport supported by starch synthesis is too slow in isolated chloroplasts under imposed phosphate deficiency to provide much protection against photoinhibition. W hen oxygen supports elec tron flow by reacting with RuBP, it is protective. However, it is surprisingly ineffective in providing protection as a Hill oxidant in the M ehler reaction. Actually, at high concentrations, its direct interac tion with the electron transport chain is damaging (Table IV ) . Physiological electron acceptors com pete successfully with oxygen for electrons thereby preventing or decreasing the formation of reactive oxygen species such as 0 2~. U nder field conditions, electron transport to C 0 2 will normally be mainly responsible for creating the high energy condition of thylakoid m em branes which is necessary for the degradation of excess light into heat. However, under water stress stom ata of leaves close and restrict entry of C 0 2. U nder these condi tions, coupled electron transport is m aintained by the interplay between photorespiratory C 0 2 produc tion and the photosynthetic refixation of the liber ated C 0 2 [7] , In the experiment of Fig. 7 , only part of this electron transport capacity was realized. Phos phate limitation had decreased the activation state of RuBP carboxylase. Still, partial protection was ob served. U nder in vivo conditions, photorespiration is effective in preventing or minimizing photoinactiva tion of electron transport when no other source of C 0 2 is available [7] . The idea that photorespiration is involved in the protection of leaves against photo inactivation of light-dependent electron transport was first expressed by Björkman and Osmond [35] . It has received scattered support [7, [36] [37] [38] [39] . An excel lent review summarizing work on photoinhibition has been published by Powles [40] .
